Background: PKA is confined to subcellular compartments by A-kinase anchoring proteins (AKAPs). Results: A structure-based phage-directed evolution strategy has yielded modified PKA regulatory type II subunits with AKAPselective binding properties. Conclusion: Engineered R Select proteins preferentially target particular AKAP-PKA interfaces Significance: R Select subunits are tools to distinguish and manipulate subpopulations of anchored PKA.
Cellular regulation often requires that broad-spectrum enzymes are organized in a manner to optimally transduce chemical and ionic signals. Anchoring and scaffolding proteins promote such signaling efficacy by placing enzymes near substrates and by insulating signaling units from one another (1) . Most mammalian cells express 10 -15 different A-kinase anchoring proteins (AKAPs) 3 that restrict the location of PKA to particular intracellular membranes or organelles (2) . Similarly, phosphatase-targeting subunits compartmentalize protein phosphatases to spatially restrict signal termination (3) . A hallmark of both classes of signal-organizing proteins is the presence of short docking sequences that associate with binding pockets on their partner enzymes (4) . Structural biology and peptide array analyses have identified a consensus motif ( Lxxx-AxxIVxxAIxxA) that forms the aliphatic face of an amphipathic helix on each AKAP (5, 6) . This region inserts into a hydrophobic groove on the surface of the docking and dimerization (D/D) domain of the PKA regulatory type II (RII) subunit dimer (5, 6) . This provides a molecular mechanism to sequester anchored pools of PKA in proximity to upstream activators (7) and in the vicinity of downstream substrates (8) . As a result, this broad-spectrum kinase can simultaneously and independently operate at different locations within the same cell. Likewise, the catalytic subunit of protein phosphatase 1 associates with proteins bearing the motif RVxF (9, 10) , whereas protein phosphatase 2B (calcineurin) docks to proteins bearing the PIXIT motif (11, 12) .
In recent years, reagents have been developed for the manipulation of localized signaling processes inside cells. These include a version of the yeast Ste5 scaffolding protein with an artificial binding site that reshapes the relay of information through three-tier MAPK cascades (13) and a genetically encoded photoactivatable Rac GTPase that permits the inducible control of actin-based cell movement (14) . Perhaps the most established form of targeted enzyme modulation has exploited the RII-AKAP interface (5, 6) . The original PKA-anchoring disruptor peptide Ht31 (15) , derived from the anchoring helix of AKAP-Lbc, was used to demonstrate a role for PKA anchoring in a range of biological processes, including phosphorylation-dependent modulation of synaptic transmission (15) , hormone-mediated insulin secretion from ␤-islets (16) , and maintenance of ocular lens transparency (17) . A second generation of anchoring disruptor peptides was derived from spot array screens of typically 400 peptide variants of the RIIbinding sequence (5) . Reagents developed by this approach are more potent than Ht31 (18) and distinguish between anchored type I (19) and type II (5) PKA R subunits. However, the overriding limitation of these generic PKA-anchoring disruptors is their inability to discriminate between the contributions of individual AKAPs in the control of anchored signaling events. In this study, we introduce a structure-based phage selection strategy that engineers RII subunit fragments that bind selectively to individual AKAPs. These genetically encoded AKAPselective probes provide tools to manipulate PKA-responsive processes that are directed by individual anchoring proteins. The approach is applicable to other shared protein interaction surfaces where high-resolution structural information is available.
EXPERIMENTAL PROCEDURES
Protein Purification-Purification of ϳ60-amino acid regions containing RII-anchoring helices was successfully attempted for 10 of 16 different AKAPs. The 16 AKAPs comprise AKAP1-14 as designated by the HUGO Gene Nomenclature Committee, MAP2, and WAVE1. The fragments were synthetically amplified (20) and ligated into pGEX6P1 for bacterial expression as fusions at the C terminus of GST (supplemental Table S1 ). GST-AKAP fragments were purified by affinity on glutathione-Sepharose and by gel filtration. R Select AKAP18FL (where FL is full-length) was expressed and purified using a similar procedure, but with elution from glutathione-Sepharose by incubation with PreScission protease (GE Healthcare) rather than L-glutathione. R Select D/D domains (residues 1-45) were expressed with an N-terminal PreScission-cleavable His 6 tag and C-terminal V5 tag in pET-28m and purified by nickel affinity and gel filtration chromatography. Overlays were performed with 1:10,000 (w/v) RII/R Select subunits in TBS/Tween 20 supplemented with 10% milk. Binding was detected with 1:5000 (w/v) HRP-conjugated anti-V5 antibody (Invitrogen).
RII Mutant Phage Library Generation-RII phage were generated using the T7Select system (Novagen). PKA RII␣ (residues 1-45) with the 10-amino acid N-terminal linker SGSGSSGGSG was inserted after Asn-351 of the T7 capsid protein by ligation into T7Select10-3b EcoRI/HindIII vector arms (Novagen). Primers were used to amplify the following DNA template prior to ligation: GTTCTTCTGGTGGTTCTGG-TATGTCTCACATCCAGATCCCGCCGGGTCTGACCGA-ACTGCTGCAGGGTTACACCGTTGAAGTTCTGCGT-CAGCAGCCGCCGG. The boldface underlined bases code for RII positions 3, 5, 10, and 14. The template oligonucleotide was synthesized with a random mixture (25% of each nucleotide) at these 12 positions (TriLink BioTechnologies) to generate the RII variant library. Because there are 4 12 total DNA variants, the library coverage ϭ 1 Ϫ (16777215/16777216) n , where n is the packaging number. 8.8 ϫ 10 7 inserts were packaged into the phage, so ϳ99.5% of all possible DNA variants are represented in the library. Given the redundancy of the genetic code, the coverage of total protein variants is approaching 100%.
Phage Selection-All steps were performed in phage wash buffer (25 mM Tris (pH 7.2), 150 mM NaCl, 0.05% Tween 20, 2 mM DTT, and 0.5 mM EDTA). Prior to each round of selection, 0.125 l of glutathione magnetic beads (Pierce) was incubated with 0.1 g of a single GST-AKAP fusion protein. After wash-ing with phage wash buffer (3ϫ 1 ml), ϳ10 10 RII phage were input in each round of selection in the presence of 40-g peptide aliquots corresponding to the anchoring helices of the 15 AKAPs that were not immobilized (supplemental Table S1 ). Although AKAP identification is ongoing, we reasoned that this comprehensive list of competitors would drive the selection toward the most selective RII variant for each AKAP. Following washing with phage wash buffer (6ϫ 1 ml), phage were eluted by a 2-h incubation with 0.5 g of PreScission protease in 100 l of phage wash buffer. Eluates were incubated for 10 min with 2 l of glutathione magnetic beads to remove residual PreScission protease and then amplified to serve as the input in the next round of selection. The RII mutant sequences of phage present in eight plaques from the sixth/eighth round of selection were amplified by PCR and subjected to Sanger sequencing (supplemental Table S2 ). For screens with medium-selection pressure, the quantity of each free competitor AKAP peptide was reduced to 2 g. When screening in the absence of competitors, 1 g of GST-AKAP bound to 0.5 l of glutathione magnetic beads was used as the bait.
Amplified Luminescent Proximity Homogenous Assay (Alpha-Screen)-Assays were performed in a 40-l total volume with buffer consisting of 20 mM HEPES (pH 7.2), 100 mM NaCl, and 0.1% BSA. Dissociation constants (K d ) for AKAP-PKA D/D domain interactions were determined using the AlphaScreen competition binding assay. Biotinylated R subunit D/D domains (0.3 nM, "tracer") were incubated with fusions of GST and the RII-binding regions of AKAP2 or AKAP18 (3 nM, "target") with increasing concentrations of the untagged R subunit D/D domain. At these concentrations, the IC 50 for disruption with the untagged R subunit D/D domain approximates the K d of its interaction with the AKAP target. To quantify R Select -AKAP18 and R Select AKAP2 selectivity, fusions of GST and the RII-binding regions of either AKAP2 (1 nM) or AKAP18 (1 nM) were incubated with biotinylated R Select subunit D/D domains (10 nM) in the presence of increasing concentrations of competitor AKAP peptides. For GST-AKAP2, the competitor peptides consisted of an equimolar mixture of AKAP18, AKAP-Lbc, and AKAP150. For GST-AKAP18, the competitor peptides consisted of an equimolar mixture of AKAP2, AKAP-Lbc, and AKAP150. In all cases, following a 1-h incubation at 4°C, streptavidin donor beads (20 ng/l) and anti-GST acceptor beads (20 ng/l) (PerkinElmer Life Sciences) were added. Assays were incubated for 2 h prior to measurement of fluorescence at 570 nm. Analysis was performed by fitting data according to one-site competition in GraphPad Prism.
Cell Culture and Pulldown, Imaging, and FRET Experiments-HEK293 cells were cultured in DMEM supplemented with 10% (v/v) fetal bovine serum and penicillin/streptomycin. Cells were transfected overnight using TransIT-LT1 (Mirus Bio LLC). Pulldown experiments were performed with 2 g of anti-FLAG or anti-V5 antibody (Sigma) supplemented with 0.4 g of R Select AKAP18FL in the presence or absence of 2.5 g of Ht31 peptide (10 M) as appropriate. Associated PKA C subunits were eluted by incubation with 1 mM cAMP. Staining of FLAG-AKAP18 and AKAP2-V5 was performed by incubation with rabbit anti-V5 and mouse anti-FLAG primary antibodies and Alexa Fluor 568-coupled donkey anti-rabbit and Alexa Fluor 488-coupled goat anti-mouse secondary antibodies (Invitrogen). Imaging was performed with a Zeiss LSM 510 META confocal microscope. For FRET measurements, dual-emission FRET images were obtained using a Leica DMI6000 B microscope equipped with a dual-view image splitter (Photometrics), S470/30 and S535/30 emission filters, and a 505DCXR dichroic mirror (Chroma). MetaMorph imaging software was used to quantify the FRET images using the fully specified bleedthrough correction method.
Structural Modeling-Models of R Select AKAP complexes were generated using the RII D/D-AKAP-is structure (5) as a template. The mutant protein complex structures were manually refined using the 2F o Ϫ F c electron density map of the RII D/D-AKAP-is crystal structure as a reference in Coot (21) . Structural representations were generated using PyMOL (Schrödinger).
Illumina Library Preparation, Sequencing, and Quality Filtration-Phage library DNA was isolated by phenol/chloroform extraction and ethanol precipitation. 50 ng of phage DNA was amplified using the DF-97_PCR_long_p1F and DF-154_ PCR_p1R primers (supplemental Table S3 ). Libraries prepared from the fourth round of selection of AKAP18 with competitors, the third round of selection without competitors, and the input phage were sequenced using a HiSeq 2000 system (Illumina) with the DF-154_SEQ_F and DF-154_SEQ_R primers (supplemental Table S3 ).
High-throughput Sequencing Data Analysis-Sequencing data analysis was carried out using the Enrich software package (22, 23) . Standard Enrich output was generated using the configuration parameters detailed under supplemental "Methods." An average Illumina quality score was calculated for each read in a given set of paired-end reads, and pairs that had an average Phred quality score of Ͻ20 for either read were removed. Read pairs were merged into a single sequence, and sequences failing to meet several quality criteria were discarded. Unique sequences (variants) from each library were identified, and their frequency was computed. Variants supported by less than 10 reads were removed. Log-transformed variant enrichment ratios (E) were calculated as described (37) . Unlinked mutation scores for the ith position and the jth amino acid (U i,j ) were calculated as follows (Equation 1).
These were divided by the sum of all unlinked mutation scores to the produce unlinked amino acid frequency for the ith position and the jth amino acid (Fu i,j ) (Equation 2).
The unlinked enrichment ratio for the ith position and the jth amino acid between the input library and the Xth round (E unlinked,i,j,X ) was calculated as follows (Equation 3) .
The selectivity index was calculated for the ith position and the jth amino acid between the AKAP18 library in the presence or absence of competitor AKAP peptide (SI i,jj ) as follows (Equation 4).
Extended experimental procedures are provided under supplemental "Methods."
RESULTS
Rational Structure-based Construction of an RII Variant Phage Library-AKAPs contain a 16-residue sequence that is necessary and sufficient for PKA anchoring (18, 24) . Conserved aliphatic side chains within this sequence provide the hydrophobic face of an amphipathic helix. These residues participate in van der Waals interactions with a reciprocal binding groove formed by the docking domains of the RII dimer ( Fig. 1A) (5, 6) . Competitor peptides that mimic the AKAP side of this proteinprotein interface universally uncouple PKA anchoring irrespective of which AKAP is involved (18) . High-resolution crystal structures of RII-AKAP peptide complexes indicate that non-conserved side chains in the AKAP helix bond with Ile-3, Ile-5, Thr-10, and Gln-14 of each RII␣ protomer ( Fig.  1B ). We reasoned that systematically engineering these positions might introduce AKAP-selective binding determinants into RII.
On the basis of this postulate, we devised a phage display selection for AKAP-specific RII variants. The RII␣ fragment (residues 1-45) encompassing the D/D domain was fused to the C terminus of the T7 bacteriophage capsid protein via a 10-amino acid linker (supplemental Fig. S1A ). In pilot studies, GST-AKAP79 recovered 300-fold more RII phage compared with GST alone (supplemental Fig. S1B ). In a more stringent test, successive rounds of binding to an immobilized AKAP79 fragment followed by phage amplification selected native RII phage from a starting pool that contained a 1000-fold molar excess of an anchoring-defective RII form (T17W) (supplemental Fig. S1 , C-F). Taken together, these experiments attest to the feasibility of this approach.
Next, RII D/D domain inserts were amplified from a DNA template with random nucleotides encoding positions 3, 5, 10, and 14. RII mutant sequences were packaged into phage to construct a T7 capsid display library with Ͼ99% of the 160,000 (4 20 ) possible RII mutant sequences (25) . High-throughput sequencing confirmed that every amino acid was represented at positions 3, 5, 10, and 14 in RII (Fig. 1C, red squares) and that the wild-type amino acids persisted in the remainder of the fragment (Fig. 1C , blue triangles). Further inspection of the highthroughput sequencing data confirmed that nucleotide variation was limited to the codons of interest ( Fig. 1D ), that the majority of RII phage encoded mutations at four positions compared with the wild type (Fig. 1E ), and that there was comprehensive coverage of all of the possible RII mutant sequences ( Fig. 1F) .
Competitive Screening for AKAP-selective RII Mutants-Isolation of phage expressing AKAP-selective RII variants involved competitive screening using a panel of purified AKAP fragments ( Fig. 2A and supplemental Table S1 ). This procedure was conducted in four steps. First, glutathione magnetic beads were charged with the GST-AKAP fragment of interest. This immobilized bait was incubated with the phage library in the presence of free competitor anchoring helices from the 15 AKAPs ( Fig. 2B, step 1) . A wash phase removed free and competitor AKAP-associated phage (Fig. 2B, step 2) . PreScission protease cleavage liberated RII-AKAP phage complexes from the glutathione beads ( Fig. 2B, step 3) . Recovered phage were amplified in step 4 to serve as the input for the next round of selection. This stepwise cycle was repeated six to eight times until the selected material converged into a single RII sequence as determined by Sanger sequencing (supplemental Table S2 ).
This screening process was performed with 10 different GST-AKAP fragments as bait. Predominant RII variant sequences emerged for AKAP2, AKAP150, AKAP18, AKAP-Lbc, and AKAP220 when screens were performed under highselection pressure (5000-fold molar excess of each competitor AKAP) (Fig. 2C, upper) . Phage recovery was at background levels for the remaining five AKAPs. However, RII mutant sequences for mAKAP, Gravin, and MAP2 were forthcoming when screens were performed with a less stringent selection protocol (250-fold molar excess of each competitor AKAP) (Fig. 2C, middle) . Isolation of RII variants for the low-affinity anchoring proteins AKAP95 and WAVE1 were successful in the absence of competitor AKAP peptides (Fig. 2C) . Collectively, our screening process yielded 10 unique RII variant sequences selective for individual AKAPs (Fig. 2C, right) . Each modified sequence contains substitutions at position 3, 5, 10, or 14 of RII (Fig. 2C, right) . R Select Subunits Exhibit AKAP Selectivity-Biochemical validation of AKAP selectivity was limited to engineered RII(1-45) variants with a preference for AKAP2, AKAP150, and AKAP18. These proteins were designated R Select (for RII-AKAP-Selective) subunits. Each C-terminally V5-tagged R Select D/D domain was expressed in bacteria and purified by nickel affinity and gel filtration chromatography (Fig. 3A) . The fidelity of these R Select D/D domain fragments was tested by far-Western blotting against a collection of the PKA-anchoring domains from 10 different AKAPs (Fig. 3B, first panel) . R Select AKAP2 and R Select AKAP18 preferentially bound to their cognate AKAP-binding partners (Fig. 3B, second and third panels) . In contrast, R Select AKAP150 exhibited an intermediate selectivity with a binding preference for AKAP150, AKAP18, and AKAP220 (Fig. 3B, fourth panel) . Control experiments confirmed that wild-type RII(1-45) bound each AKAP fragment in the overlay assay (Fig. 3B, fifth panel) .
We further investigated the binding affinities of R Select -AKAP2 and R Select AKAP18 using AlphaScreen. Dissociation constants were measured for AKAP18 using either RII or R Select AKAP18 as the ligand. Wild-type RII bound AKAP18 with a K d of 16.3 Ϯ 1.1 nM (n ϭ 3), whereas R Select AKAP18 exhibited a lower affinity for the anchoring protein (K d 161.9 Ϯ 23.3 nM (n ϭ 3), p Ͻ 0.05) (Fig. 3C ). However, in the presence of a mixture of competitor AKAP peptides, the AKAP18-R Select -AKAP18 complex was 4.4-fold more resistant to disruption than the wild-type complex (n ϭ 3, p ϭ 0.043) (Fig. 3, D and E) . Thus, although R Select AKAP18 binds its anchoring protein with reduced affinity, this engineered form has greater selectivity for AKAP18 compared with wild-type RII.
We took advantage of this latter property to further test the efficacy of binding of R Select AKAP18 to its preferred anchoring protein. We reasoned that PKA holoenzymes formed with R Select AKAP18 should remain attached to the anchoring protein, even in the presence of the PKA-anchoring disruptor peptide Ht31 (24) . Mutations were introduced at positions 3, 5, 10, and 14 in the full-length R subunit to generate R Select -AKAP18FL (Fig. 3F ). This modified PKA holoenzyme remained anchored to AKAP18 in the presence of Ht31 (Fig.  3G ). Western blotting detected the C subunit in AKAP18 immune complexes (Fig. 3G, upper panel, lane 7) . Control experiments confirmed that R Select AKAP18FL did not enhance the co-fractionation of the C subunit with AKAP2 under the same conditions (Fig. 3G, lanes 2-4) . Likewise, AlphaScreen measurements revealed reduced binding affinity but enhanced selectivity of R Select AKAP2 for its preferred anchoring protein compared with wild-type RII (Fig. 3, H-J) . Wild-type RII subunits (K d ϭ 12.5 Ϯ 1.8 nM) ( Fig. 3H , blue triangles) bound AKAP2 with significantly (p Ͻ 0.05) higher affinity than R Select -AKAP2 (K d ϭ 246.6 Ϯ 18.6 nM) ( Fig. 3H, red squares) . However, whereas a competitor AKAP peptide mixture disrupted the interaction between AKAP2 and wild-type RII with an IC 50 ϭ 0.68 Ϯ 0.05 M (Fig. 3, I and J, blue) , the AKAP2-R Select -AKAP2 complex was significantly more resistant to disruption by 3.4-fold (n ϭ 3, p Ͻ 0.05) according to the IC 50 (2.3 Ϯ 0.16 M) (Fig. 3, I and J, red) .
Most AKAPs contain targeting motifs that associate with structural proteins or cellular membranes (26) . We exploited this property to validate the cellular efficacy of R Select AKAP2 and R Select AKAP18 (Fig. 4) . Immunofluorescence staining of fixed HEK293 cells showed AKAP2 enriched in perinuclear and reticular regions (17) , whereas AKAP18␦ is concentrated in the nucleus (27) (Fig. 4, A and B) . The segregation of these AKAP signals can be seen in the composite image (Fig. 4C) . These staining patterns were recapitulated in cells cotransfected with genetically encoded fluorescent R Select D/D domain fragments 
. Screening of AKAP-selective RII variants by phage selection.
A, Coomassie Blue-stained SDS-polyacrylamide gel of GST-AKAP anchoring helix fragments. B, four-step iterative scheme for enrichment of RII variant phage that are selective for a single AKAP. C, predominant RII variant sequences following phage selection with each of the 10 different AKAP baits. High-selection pressure was a 5000-fold molar excess of each competitor AKAP helix, medium-selection pressure was a 250-fold molar excess of the competitors, and None was the absence of competitor fragments.
( Fig. 4 , D-F): R Select AKAP2-Cherry adopted a reticular staining pattern (Fig. 4E) , whereas R Select AKAP18-YFP was predominantly nuclear (Fig. 4D) . The nuclear localization of the R Select -AKAP18 D/D domain was retained in the presence of wild-type RII-RFP ( Fig. 4, G-I) . The important conclusion that can be drawn from these studies is that these R Select fragments have identical subcellular distributions to their AKAP-binding partners, implying that they can find their cognate AKAPs in situ.
To further test the selectivity of R Select AKAP18, we employed FRET to evaluate its binding to AKAP18␦ or the PKA-anchoring protein MAP2 (28) . This approach allows detection of protein proximity below the diffraction limit of light in living cells (29) . As expected, both AKAP18␦-CFP and MAP2-CFP were capable of eliciting a FRET signal when paired with wild-type RII-YFP ( Fig. 4, J, K, and N, bars 1 and 2) . However, only AKAP18␦-CFP was capable of FRET when paired with R Select -AKAP18-YFP ( Fig. 4, L, M, and N, bars 3 and 4) . Comparison of R Select AKAP18 FRET/RII FRET ratios confirmed that R Select -AKAP18 preferentially recognizes AKAP18␦ (0.57 Ϯ 0.22) over MAP2 (0.03 Ϯ 0.02) (Fig. 4O) . Taken together, the far-Western blotting and fixed-and live-cell imaging data validate the selectivity of these R Select molecules.
Molecular Basis for High-affinity RII Interaction with AKAP18-Systematic amino acid substitution at all positions of 16-residue AKAP helices has been invaluable in identifying determinants for R subunit interaction by immobilized peptide array (5, 18, 30) . This experimental strategy was not feasible for analysis of the reciprocal binding surface because correct folding of the RII D/D domain is necessary to create the four-helix AKAP-binding groove. Therefore, high-throughput DNA sequencing of RII variant libraries before and after selection using AKAP18 (23) was utilized for a comprehensive structurefunction analysis of the RII binding surface (Fig. 5A , blue circles). We reasoned that phage selection with AKAP18 alone could reveal which amino acids on RII favor high-affinity interaction with this anchoring protein. After three rounds of selection using AKAP18 as bait, sequence-function maps were compiled (Fig. 5A ). This analysis indicated a change in frequency of amino acids at positions 3, 5, 10, and 14 in RII upon successive rounds of selection. Although the wild-type residue Ile was present at position 3, other side chains were also tolerated. The branched aliphatic amino acids Ile and Val were enriched at position 5. These data confirm that positions 3 and 5 in RII contribute to the integrity of the hydrophobic binding surface of the D/D domain (5, 6, 30) . In contrast, side chains with the capacity to hydrogen bond emerged at positions 10 and 14 (Fig.  5A, blue circles) . Hence, we conclude that these hydrophilic interactions enhance the recruitment of AKAP18 (Fig. 5B) .
Molecular Basis for R Select Binding Preference-Three-dimensional structures of RII-AKAP complexes (5, 6) provide a molecular framework for understanding the binding preferences of R Select proteins. The likely contact points between residues 3, 5, 10, and 14 of RII and the reciprocal side chains on an AKAP helix (high-variability positions) are shown in Fig. 6A . A structural model of this protein-protein interface was assembled by substitution and refinement of the 1.3 Å RII dimer-AKAP-is crystal structure (Fig. 6, B and C) (5) . One striking feature is that Lys-10 and Lys-19, which project from alternate sides of the AKAP18 amphipathic helix, are optimally aligned to form salt bridge interactions with Asp-10 in each R Select -AKAP18 protomer (Fig. 6, B and C) . Scrutiny of the aligned RII-binding sequences from 10 AKAPs (Fig. 6A ) revealed that only AKAP18 incorporates lysines on both sides of its anchoring helix. This could explain why aspartate was selected at position 10 in R Select AKAP18. Interestingly, AKAP18 is unique in orienting additional leucines at positions 8 and 18 in its anchoring helix (Fig. 6A ). Our structural model suggests that these aliphatic side chains interact with Val-3 and Leu-5 in R Select -AKAP18 (Fig. 6, B and C) . Molecular models were also compiled for R Select AKAP2 and R Select AKAP150 complexes (supplemental Fig. S2 ). Each simulation predicts that increased complementarity between variable R Select positions and cognate AKAP side chains is an important component of discrimination that is introduced into these engineered RII subunits. For example, Arg-10 and Arg-14 on each R Select AKAP2 protomer are positioned to hydrogen bond with Gln-14, Asn-15, Gln-18, and Gln-19 in AKAP2 (supplemental Fig. S2, A-C) . Likewise, Gln-10 in R Select AKAP150 can form a hydrogenbonding network with Ser-10 and Lys-14 in AKAP150 (supplemental Fig. S2, A , D , and E) . This latter model also predicts that Arg-5 in R Select AKAP150 forms a salt bridge with Glu-18 in AKAP150 (supplemental Fig. S2, A, D, and E) .
To consolidate predictions from the AKAP18-R Select -AKAP18 structural model in an empirical manner, we performed further sequence-function analysis in the presence of competitor AKAP peptides. The enrichment ratios for each amino acid at positions 3, 5, 10, and 14 in RII in an early round of selection in the presence of competitors are shown in Fig. 5A , and wild-type RII(1-45) (fifth panel). C, AlphaScreen competition binding assay for AKAP18 with D/D domain fragments of either R Select AKAP18 (red squares) or WT RII (blue triangles) and increasing concentrations of the appropriate untagged R subunit. The K d (n ϭ 3) for AKAP18 interaction with either R Select AKAP18 (red squares) or WT RII (blue triangles) is shown. D, competition binding assay for AKAP18 with D/D domain fragments of either R Select AKAP18 (red squares) or WT RII (blue triangles) in the presence of increasing concentrations of a competitor AKAP peptide mixture. E, the IC 50 (n ϭ 3) of the competitor AKAP peptide mixture for AKAP18 associated with either R Select AKAP18 (red bar) or WT RII (blue bar). F, Coomassie Blue-stained SDS-polyacrylamide gel of the purified full-length RII mutant (R Select AKAP18FL). G, immunoprecipitations (IP) with HEK293 cell lysates were performed in the presence (lanes 4 and 7) and absence (lanes 1-3, 5 , and 6) of R Select AKAP18FL using IgG (lane 1), anti-V5 antibody (lanes 2-4; for V5-AKAP2), or anti-FLAG antibody (lanes 5-7; for FLAG-AKAP18␦). These were done either with Ht31 (lanes 3, 4, 6, and 7) or without Ht31 (lanes 1, 2, and  5) . Anchoring and coprecipitation of the modified PKA holoenzyme were tested by immunoblotting (IB) for the PKA C subunit. Immunoprecipitation of AKAP18␦ (anti-FLAG antibody), AKAP2 (anti-V5 antibody), and the PKA C subunit was confirmed by immunoblotting (middle and lower panels). H, AlphaScreen competition binding assay for AKAP2 with either R Select AKAP2 (red squares) or WT RII (blue triangles) and increasing concentrations of the appropriate untagged R subunit. The K d (n ϭ 3) for AKAP2 interaction with either R Select AKAP2 or WT RII is indicted. I, AlphaScreen competition binding assay for AKAP2 with either R Select AKAP2 (red squares) or WT RII (blue triangles) in the presence of increasing concentrations of a competitor AKAP peptide mixture. J, the IC 50 (n ϭ 3) of the competitor AKAP peptide mixture for AKAP2 associated with either R Select AKAP2 (red bar) or WT RII (blue bar).
(red triangles). Inclusion of competitor peptides increased the stringency of selection. This enhanced the selection of leucine at position 5, aspartate at position 10, and glutamate at position 14 in RII (Fig. 6, D and E) . Selectivity plots were calculated by dividing AKAP18 enrichment ratios in the presence of competitors by the enrichment ratios in the absence of competitors ( Fig. 6, F-I) . These plots show that Leu-5 and Asp-10 are the most AKAP18-discerning side chains (Fig. 6, G and H) . Conversely, these residues are not strongly selected in the absence of competitors (Fig. 5A, blue circles, and Fig. 6D ). This implies that the inclusion of Leu-5 and Asp-10 has a negative effect on R Select AKAP18 binding to other AKAP family members. This conclusion is consistent with the results of the R subunits overlays ( Fig. 3B ) and K d measurements (Fig. 3, E and F) , which showed that R Select AKAP18 bound to AKAP18 with lower affinity than wild-type RII in the absence of other AKAPs. Although aspartate is the most AKAP18-selective residue at position 14 in this analysis (Fig. 6I) , the predominant R Select -AKAP18 sequence that emerged after eight rounds of selection contains glycine at position 14. This suggests that one (but not two) negative charges on alternate sides of the AKAP18 anchoring helix provide optimal selectivity and that Gly-14 may cooperate with Asp-10 to enable formation of salt bridges between the acidic residue and lysines on either side of the AKAP18 anchoring helix (Fig. 6, B and C) . In sum, the modeling and high-throughput sequencing analyses support our initial hypothesis that mutations at RII positions 3, 5, 10, and 14 can impart AKAP-selective properties.
DISCUSSION
On the basis of high-resolution structures of the AKAP-PKA interface, we generated a phage library bearing 160,000 variants of the RII D/D domain. Following the protocol outlined in Fig.  2B , we enriched for RII variants with selectivity for a particular AKAP. The efficacy of this approach is demonstrated in Figs. 3 and 4 by the preferential association of R Select subunits with their cognate AKAPs in vitro and in vivo. When combined with structural modeling, high-throughput sequencing analysis has provided a clearer understanding of which side chains on RII enhance association with individual AKAPs. Comparative analysis of AKAP18 selections in the presence and absence of competitors showed that residues in the optimal R Select sequence are both compatible with residues at the high-variability positions in the target AKAP and incompatible with resides at the equivalent positions in off-target AKAPs.
In addition, the sequence-function analysis presented in Fig.  5 revealed that hydrophilic contacts facilitated by positions 10 and 14 in RII are more critical for interaction with AKAP18 compared with positions 3 and 5. Inspection of crystal structures of the RII-AKAP-is and RII-D-AKAP2 complexes (5, 6) revealed that Thr-10 on a single RII protomer forms a watermediated hydrogen bond with the backbone carbonyl of Ile-12 in the AKAP helix. Thr at position 10 favors high-affinity interaction with AKAP18 in comparison with the sterically similar side chains Val and Ile (Fig. 5 ). Therefore, this hydrophilic contact is likely to be an important component of all RII-AKAP interfaces. The influence of this hydrophilic quadrad that comprises the core of the D/D domain should be factored into attempts to generate small molecules that disrupt RII-AKAP interactions (31) .
Our intermolecular FRET measurements indicate that R Select subunits are viable chemical biology reagents that selectively associate with AKAPs in living cells. R Select AKAP18-YFP and AKAP18␦-CFP must be within ϳ80 Å to permit FRET (Fig. 4 , J-O) (29) . Because C-terminal epitope tagging does not impair the ability of R Select AKAP18 to recognize its anchoring protein inside cells, chemical or biological reporters may be fused to R Select subunits. Fusion of chemical moieties such as photoactivatable GFP or phosphorylation-sensitive FRET reporters (32) may ultimately permit the monitoring of movement and the activity of subpopulations of PKA associated with a given AKAP. Similarly, fusion of biologically active molecules such as the PKA C subunit or cAMP phosphodiesterase to a given R Select subunit may enable controlled up-or down-regulation of PKA activity within the immediate vicinity of a particular AKAP complex. Prospective delivery methods include transfection, genomic incorporation (33), and inclusion of purified R Select D/D domain in the patch pipette in a manner analogous to generic PKA-anchoring disruptor reagents (5) . Because wildtype RII binds to AKAP2 and AKAP18 with significantly higher affinity than the respective R Select subunits for these AKAPs, the best approach may be to apply the R Select subunits in tandem with Ht31 ( Fig. 3H ) to determine whether individual AKAPs are sufficient for targeting PKA to particular ion channels. Future biological studies to address using R Select -based reagents include establishing the relative contributions of individual AKAP-anchored subpopulations of PKA that regulate synaptic transmission (34, 35) and control cardiac excitation-contraction coupling (36) . AKAP-selective PKA disruptors have also been conjectured as forerunners of the next generation of drugs that target the ␤-adrenergic system in the heart (37) . Hence, the continued development of R Select reagents may contribute to target validation of these new therapeutic agents.
In a broader context, we anticipate that our structure-based phage selection procedure may enable development of synthetic biology reagents for studying other functionally impor-FIGURE 5. Sequence-function plot of RII variant selection with AKAP18. A, the relative changes in the frequency of each amino acid at the four variable RII positions are shown after three rounds of selection using GST-AKAP18 in either the presence (red triangles) or absence (blue circles) of competitor AKAP peptides. Amino acid mutations that increased in frequency relative to the input library have positive log-transformed enrichment ratios as a consequence of improved binding. B, structural representation of positions 3, 5, 10, and 14 in wild-type RII in relation to an AKAP anchoring helix (orange).
tant signaling protein interactions. The most promising candidate interfaces are those for which high-resolution structural information is available to guide the design of mutant libraries. Theoretically, the T7Select system could also accommodate more complex phage libraries containing at least five randomized positions (20 5 ϭ 3.2 ϫ 10 6 combinations) within the target sequence. Display of molecules larger than 45 amino acids is also possible using T7 bacteriophage. Thus, it may be possible to design mutant libraries for intact proteins such as phosphatase C subunits that selectively recognize protein phosphatase 1-targeting subunits by virtue of the RVxF motif (38) or calcineurin/protein phosphatase 2B-anchoring proteins that work through PIXIT motifs (11, 12) . The development of such reagents will facilitate spatial manipulation of enzyme activities and aid in our understanding of normal and pathological signaling processes.
